Abstract: This paper presents a test study focused on determining the influence of high-temperature creep on the buckling of grade S275JR columns. Both capacity and stationary-creep column tests were performed within the study. The results obtained demonstrate that high-temperature creep influences a column's load-bearing capacity, even at 400 • C if the column's load ratio is above 87%. The reduction of load capacity due to creep was determined experimentally up to 600 • C, for which the failure due to creep occurred at load ratios above 57% of the capacity at 600 • C. The failure times for all the column creep tests occurred within 240 min of loading at constant temperature. Numerical modelling of the creep tests, including their constant-temperature capacity, was performed with the help of the research software Vulcan, by explicitly including a previously developed creep model for grade S275JR steel in the total strain formulation.
Introduction

Motivation
The influence of creep strain on the load capacity of fire-affected steel structures is a topic that has started to receive attention from scientists and researchers in the last decade. One of the major reasons for the lack of previous research effort in this area is the fact that the creep strain itself has been long considered as irrelevant to the response of steel structures exposed to high temperature. This opinion was also based on observations made from previous structural fire tests, of which the majority [1, 2] used very rapid heating curves, inducing high-level heating rates in the tested members. In such tests, failure of the member usually occurs more or less directly at a critical temperature, with very little time being available for development of significant creep strain during the test. In particular, the steel member is at temperatures above 400 • C, which is generally considered to be the threshold beyond which significant creep strain starts to evolve. Another major reason for the lack of research effort has been the availability in design codes for application in structural engineering of a modified high-temperature stress-strain model for steel which implicitly includes creep strain. The most commonly used implicit model is included in the Eurocodes [3, 4] for fire resistant design of steel structures.
The current application of natural and travelling fire concepts into performance-based structural fire analysis are contexts in which steel structures can be exposed to low heating rates (generally below 20 • C/min), which can prolong their exposure to temperatures above 400 • C. This may also occur if a structure is exposed to long-lived slow-burning or under-ventilated fires, or if it is insulated with fire-protection material. In both cases, a structural element is exposed to lower heating rates due either to low incident heat flux or to low thermal conduction through fire protection. These fire scenarios represent cases in which creep development can become an important factor in the structural response because of the existence of an additional strain component, which, over time periods typical of building fires, influences the fire resistance of the structure.
The lack of detailed experimental data on the creep behaviour of contemporary European structural steel grades and the general concentration on time-independent structural analysis at elevated temperatures which derives from the use of implicit-creep material models, was the main motivation for the development of a sequence of collaborative research studies [5, 6] between Universities of Split and Sheffield. Column behaviour (buckling) under conditions that facilitate creep is potentially much more significant to structural robustness in fire than the additional deflection of beams under these conditions. The steel grade chosen for the studies is S275JR, since this is widely used in the construction industry across Europe.
Previous Numerical and Test Studies
Most previous research on the influence of high-temperature creep on steel structures has been conducted on single-span steel beams, either with simple support [7] [8] [9] or with axial restraint [10, 11] . The influence of creep, in the case of beams with axial restraint, is generally observed as a drop-off of the internal axial force in the beam due to restraint to thermal expansion. In the early stages of fire exposure, while this axial compression force is increasing, beam deflections are more pronounced than in comparable simply supported beams. However, at higher-temperature stages, increasing rates of creep strain, together with the basic weakening of the material, tend to reduce the axial force, thus accelerating the beam's progression towards "catenary" action. In this final stage, the beam has almost no bending stiffness [10] , and acts essentially in tension. The influence of creep on beams with no axial restraint is observed simply through an additional rate of increase of transverse deflection. In both cases, creep strains tend to result in reductions of fire resistance.
Most of the research regarding the influence of creep on the buckling response of columns has been published in the form of numerical studies combined with either explicit creep modelling [12, 13] or a reduced tangent-modulus model [14] . The main conclusion from these studies was that creep influences the critical temperatures of columns beyond 400 • C, when they can be significantly reduced due to the inclusion of an explicit creep component.
A literature survey on previously conducted column fire tests revealed that relatively few experiments have been performed with fire temperature-time curves which are capable of inducing significant creep strain development. The majority of published results [15] [16] [17] [18] of fire tests on steel columns have been based on tests using the ISO834, constant-temperature or linear heating curves to heat the members. An exception was a study conducted by Li et al. [19] , which utilized a natural fire curve as a representative fire action that can be considered to include the influence of creep on the overall column behaviour. As mentioned previously, a lack of column fire tests that predominantly focus on the influence of creep represents the main motivation for conducting the presented study.
Experimental Study
Test Setup and Methodology
The test study was conducted at the University of Split. The column specimen (HEB140), the test frame, equipment and measuring points for temperature are shown in Figures 1 and 2 . The slenderness of all the steel columns was approximately 81. The heating equipment (Miller, Appleton, WI, USA) used in the tests was based on direct heating of a tubular steel jacket of 406 mm diameter and 12 mm wall thickness by radio-frequency induction heating. This type of induction heater produces a high-frequency electric field, which heats ferromagnetic metals located within the field. This field is generated around induction cables which are marked on Figure 1 . The cables heat the steel jacket, at heating rates ranging between 2 • C and 10 • C/min. The heating rate of the jacket can be adjusted by changing the power output of the induction heater, which can be increased up to 35 kW. The jacket heats the steel HEB140 column which is placed inside it, predominantly by radiative heat flux, with some convective heat flux coming from the hot air moving within the jacket. With the help of the induction-heated jacket, it is possible to achieve a uniform heating profile in the column cross-section, since the radiative heat source surrounds the specimen. Uniform heating of the column inside the jacket can be observed from the selected temperature measurements, which are presented in Figure 3 . The induction-based heating rate of the jacket is controlled by a thermocouple which is connected to its inner surface. With this type of heating arrangement, a very uniform target temperature field was achieved at temperature measurement points 3-10, while the temperatures at points 1-2 and 11-13 remained 50-200 • C lower than the target temperature, depending on the level of this target temperature. The difference between the temperature profiles over the column length is present when the target temperature is increased to a higher level, especially at points 1-2 and 11-13 (column ends). At the end parts of the column, in comparison to the mid-part of the column, the temperature difference over the column length is higher. This difference can be attributed to a weaker electric field at column ends, which is more pronounced with the increase of the target temperature. The column specimens were aligned horizontally, and loading in the horizontal and vertical directions was achieved using a horizontal ram with maximum capacity 1500 kN and a vertical ram with maximum capacity 300 kN. Column displacements were measured by four LVDTs (shown in Figure 2 ). LVDT 1 was used to measure the horizontal (axial) displacement of the column, LVDT 2 the column's end-rotation, LVDT 3 the vertical (transverse) displacement of the column, with LVDT 4 is as a check-measurement of this vertical displacement. The column is transversely (vertically) loaded about its weak axis with a low force, as an imperfection in its corresponding global buckling mode. For a pin-ended column, this imperfection reduces the effect of friction at the 60 mm diameter steel pins which are used as simply supported ends of the column. A lubricated thin steel plate surrounding the pin's surface provides additional lubricated contact area, and reduces the inevitable friction in this area. kW. The jacket heats the steel HEB140 column which is placed inside it, predominantly by radiative heat flux, with some convective heat flux coming from the hot air moving within the jacket. With the help of the induction-heated jacket, it is possible to achieve a uniform heating profile in the column cross-section, since the radiative heat source surrounds the specimen. Uniform heating of the column inside the jacket can be observed from the selected temperature measurements, which are presented in Figure 3 . The induction-based heating rate of the jacket is controlled by a thermocouple which is connected to its inner surface. With this type of heating arrangement, a very uniform target temperature field was achieved at temperature measurement points 3-10, while the temperatures at points 1-2 and 11-13 remained 50-200 °C lower than the target temperature, depending on the level of this target temperature. The difference between the temperature profiles over the column length is present when the target temperature is increased to a higher level, especially at points 1-2 and 11-13 (column ends). At the end parts of the column, in comparison to the mid-part of the column, the temperature difference over the column length is higher. This difference can be attributed to a weaker electric field at column ends, which is more pronounced with the increase of the target temperature. The column specimens were aligned horizontally, and loading in the horizontal and vertical directions was achieved using a horizontal ram with maximum capacity 1500 kN and a vertical ram with maximum capacity 300 kN. Column displacements were measured by four LVDTs (shown in Figure 2 ). LVDT 1 was used to measure the horizontal (axial) displacement of the column, LVDT 2 the column's end-rotation, LVDT 3 the vertical (transverse) displacement of the column, with LVDT 4 is as a check-measurement of this vertical displacement. The column is transversely (vertically) loaded about its weak axis with a low force, as an imperfection in its corresponding global buckling mode. For a pin-ended column, this imperfection reduces the effect of friction at the 60 mm diameter steel pins which are used as simply supported ends of the column. A lubricated thin steel plate surrounding the pin's surface provides additional lubricated contact area, and reduces the inevitable friction in this area. Two types of high-temperature column tests were performed: constant-temperature capacity and creep tests. A total of 17 column specimens were tested. Two types of high-temperature column tests were performed: constant-temperature capacity and creep tests. A total of 17 column specimens were tested. Table 1 summarizes the test parameters for the constant-temperature capacity tests. The three column tests were conducted at ambient temperature. In Test 3, no lubrication was applied to the pins, and this therefore clearly illustrates the effect of reducing friction in Tests 1 and 2. Axial
Constant-Temperature Capacity Tests
These tests were performed to determine the column's axial load capacity at a target temperature, with a constant transverse force. The column is initially heated to the target temperature, loaded with the transverse vertical force, and subsequently loaded at a loading-rate of approximately 2 kN/s with axial compression until column failure occurs. Figure 4 presents the results of the column capacity tests at 400 °C, 500 °C and 600 °C, as a plot of midspan displacement against applied axial force. At 500 °C and 600 °C, two column tests for each temperature level were conducted at different vertical forces. A plot of simulation results obtained with numerical model Vulcan is also presented where Eurocode 3 stress-strain models with 1 and 2% yield strain was used as representative for the material's stress-related strain. The Eurocode 3 stress-strain model with 1% yield strain represents a model without the implicit creep content while the Eurocode 3 stress-strain model includes implicit creep strain. More discussion on the selected material model is given in Section 3.2. 
These tests were performed to determine the column's axial load capacity at a target temperature, with a constant transverse force. The column is initially heated to the target temperature, loaded with the transverse vertical force, and subsequently loaded at a loading-rate of approximately 2 kN/s with axial compression until column failure occurs. Figure 4 presents the results of the column capacity tests at 400 • C, 500 • C and 600 • C, as a plot of midspan displacement against applied axial force. At 500 • C and 600 • C, two column tests for each temperature level were conducted at different vertical forces. A plot of simulation results obtained with numerical model Vulcan is also presented where Eurocode 3 stress-strain models with 1 and 2% yield strain was used as representative for the material's stress-related strain. The Eurocode 3 stress-strain model with 1% yield strain represents a model without the implicit creep content while the Eurocode 3 stress-strain model includes implicit creep strain. More discussion on the selected material model is given in Section 3. 
Constant-Temperature Creep Tests
Constant-temperature creep tests were performed by firstly heating the column to a prescribed temperature level, loading the column with constant transverse force, and subsequently adding a constant axial force which represents a certain fraction (load ratio) of the axial load capacity at the given column temperature. After the addition of axial load, the constant temperature and axial load were maintained until the end of the test, which is defined by column failure due to the evolving creep strain. The target temperatures for both capacity and creep tests were chosen as 400 °C, 500 °C and 600 °C. As in the capacity tests, the initial axial loading-rate was approximately 2 kN/s until the load level was reached. A summary of the creep test-parameters is presented in Table 2 .
The consistent failure criteria in the performed capacity and creep tests is based on the point when the axial compressive force reaches its maximum and reduces up to 10% after column buckling is initiated. 
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Modelling of the Fire Tests
The Numerical Model
Numerical modelling of the capacity-and creep-tests was performed to thoroughly understand the effect of creep on the reduction of columns' axial capacity. The data applied to this modelling originate from previously-conducted testing [5] on steel coupons cut from the columns' flanges, from which material properties such as yield strength and modulus of elasticity at temperature levels up to 600 • C were determined. An analytical explicit creep model, valid for the temperature range 400-600 • C, was also derived within this study. Modelling of the column behaviour at high temperature was performed using the academic research version of software Vulcan [20] . Vulcan is capable of geometric and materially nonlinear analyses of composite structures under stationary and transient heating scenarios. The model used 26 three-node line elements with segmentation of the I-section as a 13 × 11 matrix, as shown in Figure 5a . Temperature measurements recorded during the creep tests were directly input to the column model. Based on the temperature measurements from the tests, each of the three-node line elements was assigned with a time-dependent temperature value for upper flange, web and lower flange. The FE mesh was arranged in a way that the cross-sections, in which the temperatures are measured, represent either the start or end node of the line element. The line elements which are located between the cross-sections in which the temperatures are measured were assigned to temperature values which are based on the interpolation of temperature values between the measurement sections.
The failure criterion in the performed numerical analysis is based on failure of convergence in the performed quasi-static analysis which is part of the Vulcan software. Therefore, the last stable equilibrium point in a numerical simulation represents the last converged thermo-mechanical equilibrium position.
were 
Stress-Related and Creep Strain Model
The stress-related strain model used for modelling is based on a modification of the Eurocode 3 material model [21] , which excludes implicit-creep content. This type of model is referred to as a creep-free model. This type of creep-free model was compared with experimental stress-strain curves from the preliminary study [5] and was found to be in good agreement with the experimental values. The creep-free Eurocode 3 (EC3) model is based on a modification of the yield strain value to 1%. The basic equations for the creep-free model are identical to the Eurocode 3 model:
y,
Parameters a 2 , b 2 and c are defined as: 
σ = f y,θ for ε y,θ < ε < 0.04 (3)
Parameters a 2 , b 2 and c are defined as:
in which ε p,θ = f p,θ /E a,θ and ε y,θ = 0.01 (the value used to exclude implicit creep). The parameters f p,θ , f y,θ , E a,θ , respectively, represent the proportional limit, yield strength and modulus of elasticity at temperature θ. The experimental values for modulus of elasticity and yield strength at 1% strain are used, together with the creep-free model for stress-related strain. The reduction factors for yield strength and modulus are presented in Figure 5b and a plot of the stress-related strain curves are presented in Figure 5c . Values for f y, 20 and E y,20 at normal temperature used in the study are 287.5 and 204.7 MPa, respectively. A previously developed analytical creep model is used in the numerical study, based on the following expression:
in which ε el is the elastic strain, ε cr is the creep strain (%), t is time (min) and ε el = c = σ E y,θ · 100. The coefficients a, b, e and f are stress-and temperature-dependent. The coefficient values can be found in the study [5] . The elastic strain is removed from the creep model when it is integrated in the total strain component. The resultant strain components in a general structural fire analysis can be expressed [22] as:
where ε tot is the resultant strain, ε th (T) is the temperature-dependent thermal strain and ε σ (σ, T) is the stress-related strain, which is a function of the applied stress σ and temperature T. The strain ε cr (σ, T, t) is the stress-, temperature-and time-dependent creep strain, which is considered explicitly in this study with the help of creep model defined by Equation (5).
The Friction Model
The influence of friction due to the applied test arrangement is relatively hard to remove completely. Studies by Tan et al. [15] and Huang and Tan [16] also pointed to a similar problem, in which the friction effect had to be taken into account in modelling. The modelling approach by Huang and Tan was to define rotational spring elements at the supports to simulate friction in the pins. The friction in the pins is modelled using this approach in the study; an additional rotational spring of constant stiffness was used at each support.
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Comparison of the Results
Discussion of Results
Accuracy of the Column Model
According to the results presented in Figure 9a , the prediction error for most of the axial capacity tests is either within the ±10% error margin or on the safe side, which shows that the proposed column model with rotational spring support can be considered as adequate for modelling the friction effect on the column response. Two points in Figure 9a fall out of +10% error margin, with three being on the boundary. Figure 9c further shows that the column model is adequate for analysis of the creep behaviour of columns. This statement is based on the fact that the explicit creep model provides predictions of the column failure time either within the ±10% error margin or on the safe-side of the plot. Only one out of nine conducted tests was predicted to fail on the unsafe side, outside the −10% error margin.
A slight discrepancy can be seen when modelling creep tests which take longer times to column failure. This discrepancy may be attributed to the more pronounced frictional effects which increase their importance during longer testing. Results presented in Figure 9b indicate that the implicit creep model proposed in Eurocode 3 provides good approximation of the column's critical load at 400 • C and only partially at 500 • C. At 600 • C, it can be seen that the model predictions tend to give lower displacement in comparison to the −10% error margin, indicating a trend that the implicit creep model cannot fully approximate creep developing at that temperature level. This justifies the need to conduct explicit creep analysis for steel columns at temperatures higher than 500 • C, since the implicit creep model cannot provide the information on the failure time of a column. Furthermore, it is necessary to further explore the temperature region beyond 500 • C by analysing other steel grades to get a more reliable insight into the problem. The comparisons presented in Figure 4 for column capacity tests indicate that the implicit creep model from Eurocode 3 provides conservative predictions of the buckling force in the case when larger vertical force is applied. However, for capacity tests where smaller amount of vertical force is applied, a minimal difference between the simulation results using EC3 stress-strain model with 2% yield strain and the EC3 model with 1% yield strain is observed. Simulations shown in Figure 4 were conducted using Equations (1)-(4) with a variation of yield strain which was taken as 1% and 2%. The reason for doing this is because the principal author's previous research included an investigation of the implicit creep content of Eurocode 3 material model. The reason a yield strain of 1% is considered as relevant is because, with the change of this factor, the implicit creep content is generally eliminated from the Eurocode 3 material model [21] .
Therefore, it using the explicit creep model for modelling the creep influence is required, then it is necessary to have a "creep-free" material model instead of the implicit creep model (which exists if 2% yield strain is used). Using the implicit creep model in combination with an explicit creep model The comparisons presented in Figure 4 for column capacity tests indicate that the implicit creep model from Eurocode 3 provides conservative predictions of the buckling force in the case when larger vertical force is applied. However, for capacity tests where smaller amount of vertical force is applied, a minimal difference between the simulation results using EC3 stress-strain model with 2% yield strain and the EC3 model with 1% yield strain is observed. Simulations shown in Figure 4 were conducted using Equations (1)-(4) with a variation of yield strain which was taken as 1% and 2%. The reason for doing this is because the principal author's previous research included an investigation of the implicit creep content of Eurocode 3 material model. The reason a yield strain of 1% is considered as relevant is because, with the change of this factor, the implicit creep content is generally eliminated from the Eurocode 3 material model [21] .
Therefore, it using the explicit creep model for modelling the creep influence is required, then it is necessary to have a "creep-free" material model instead of the implicit creep model (which exists if 2% yield strain is used). Using the implicit creep model in combination with an explicit creep model effectively doubles the influence of creep on the numerical analysis. The procedure for implicit creep removal and the development of "creep-free" model is presented in reference [23] . Figure 7 shows that at 400 • C creep causes column failure up to a load ratio of about 87% of the column's axial load capacity. As expected, at higher temperature levels, the threshold load ratio for failure due to creep is lower. At 500 • C, the lowest load ratio is 63% and, at 600 • C, it is 57%. It is seen that columns in the higher range of load levels are susceptible to the effects of creep, even at 400 • C. Furthermore, it is also seen from the results presented in Figure 7 and Table 2 that columns have very low short-term creep resistance within the entire temperature test-range of 400-600 • C for axial loads higher than approximately 90% of the column's axial load capacity. Low short-term creep resistance above the mentioned load ratio might indicate a higher probability of failure due to creep for columns that are predominately loaded by compressive force. Comparing the load ratios in the creep tests, on the basis of strengths from the coupon test study [5] (0.7-0.9 f 0.2,θ at 400 • C, 0.45-0.8 f 0.2,θ at 500 • C and 0.25-0.75 f 0.2,θ at 600 • C) with the load ratios in the column tests, it can be seen that these range correspond. This indicates that there is a correlation between the effects of the two load ratios in terms of the influence of creep at both the coupon and column level.
The Influence of Load Ratio
Failure Times of Columns
The results of the experimental study show that the failure time of a column generally occurs within the 4 h time interval which covers almost all practical fire resistance periods for structures. During any realistic fire exposure, it is highly improbable that a column will experience very prolonged exposure to constant temperature. However, exposure to constant temperature for shorter periods is not uncommon. This can occur in fire-protected steel members or in unprotected steel members after the onset of cooling phase. By analysing the test results (Table 2) , the potential threat of column failure due to creep as a result of short-term constant temperature exposure can be expected to start at approximately 90% of the column's axial load capacity within the temperature range of 400-600 • C, as pointed out in Section 4.2.
The Influence of Support Friction
The results presented in Table 3 indicate that the effect of friction becomes more pronounced with increase of temperature. This is evident in the results of both the capacity and creep tests. This pronounced effect can be explained by the inevitable loss of column stiffness at higher temperatures, which increases the amount of friction at the supports relative to the critical axial forces. This is also evident from the spring stiffness values applied in the numerical study. As previously mentioned in Section 2.1, the friction that is present during the capacity and creep tests was reduced by lubricating the pins and by inserting a thin steel plate between the sliding surfaces of the joints to increase their lubricated surface area.
Applied Material Models
A positive attribute of the numerical study presented is that all of the relevant material models were experimentally determined in a previous research study [5] . These studies included tests for yield strength, modulus of elasticity, stress-strain curves and creep characteristics within the temperature range 400-600 • C. The results of the numerical study presented in Figure 7 indicate that the previously developed creep model for grade S275JR is sufficiently accurate to model the structural effects caused by the columns' creep behaviour within this temperature range. The data given here (the finite element mesh, segmentation size, force values and the mechanical response) are sufficient for modelling column behaviour in terms of the commonly published results-either midspan or axial displacement-which were directly measured in the tests. The material and creep models are also published in full in the cited references.
Conclusions
Within the presented study, 17 column tests were conducted. This includes measurement of displacements with several LVDTs and numerous thermocouples. The data for each of these tests are massive and the authors used the most representative results for presentation in this paper. These include either axial or vertical displacement of the column for each test, including the appropriate temperature fields. The whole creep-test procedure used in the research is summarized in a short film available at the project webpage [24] . The reference contains a presentation on the equipment and the column failure mode. From the results presented on the column testing and numerical studies performed, the following conclusions can be suggested:
• High-temperature creep can induce column failure at temperatures from 400 • C at high load levels (87% and above).
•
The short-term creep resistance of S275JR columns can be considered as low at load levels above 90% of their axial load capacity within the temperature region 400-600 • C.
The effect of support friction on the column response during creep tests cannot be neglected, and needs to be taken into account in numerical analysis.
The previously developed analytical creep model used in the numerical study has proven sufficiently accurate to model creep behaviour in high-temperature column tests.
